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Spin-waves have been studied for data storage, communication and logic circuits in the field of
spintronics based on their potential to substitute electrons[1, 2]. Recent discovery of magnetism
in two-dimensional (2D) systems such as monolayer CrI3 and Cr2Ge2Te6 has led to a renewed
interest in such applications of magnetism in the 2D limit[3–5]. Here we present direct evidence of
standing spin-waves along with the uniform precessional resonance modes in van der Waals magnetic
material, CrCl3. Our experiment is the first direct observation of standing spin-wave modes, set
up across a thickness of 20 µm, in a van der Waals material. We detect standing spin-waves in the
vicinity of both, optical and acoustic, branches of the antiferromagnetic resonance. We also observe
magnon-magnon coupling, softening of resonance modes with temperature and extract the evolution
of interlayer exchange field as a function of temperature.
Spin-waves in various materials have shown poten-
tial for realization in applications such as wave-based
computing and utilization in magnon-magnon interac-
tion based nonlinear effects[1, 2]. Materials with low
magnetic damping and compatibility with micro-sized
patterning are of particular interest. As spin-waves can
also be generated by other methods such as spin-transfer
torque[6, 7], the possibility of combining them with 2D
materials can open up access to devices with multi-
functional properties. Of particular interest is the fam-
ily of chromium trihalides with a strong intralayer ex-
change, which enables long-range ferromagnetic ordering,
and weak interlayer exchange, enabling realization of ei-
ther ferromagnetic or antiferromagnetic ordering across
layers[8, 9]. As antiferromagnets produce no stray fields
due to their net zero magnetization and are generally ro-
bust against magnetic perturbations, they have a great
potential for spintronics applications.
In this study, we have explored a van der Waals antifer-
romagnet chromium trichloride (CrCl3) which has a very
weak interlayer coupling of around 1.6 µeV (ref. [10]).
The weak interlayer coupling allows us to study the spin
dynamics and interactions in the system at microwave
frequencies (∼GHz), overcoming the challenges involved
with the requirement of using THz radiation as in the
case of other antiferromagnets[11, 12]. CrCl3 has also
been reported to have low cleavage energy similar to the
other chromium trihalides[9, 13, 14]. This opens up the
possibility of potential applications of few layer CrCl3
with other 2D materials in van der Waals antiferromag-
netic spintronics.
We study the resonance modes of CrCl3 as the spin
dynamics is excited using microwave frequency signals
in presence of magnetic field. On application of a static
magnetic field, antiferromagnetic and ferromagnetic reso-
nance modes can be observed depending on the magnetic
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structure; these are uniform spin precession modes where
adjacent spins precess in sync, with a zero relative phase
difference. These modes have been recently observed in
CrCl3 (ref. [15]). In addition to these, adjacent spins
can precess with a nonzero relative phase difference, re-
sulting in propagating spin-waves which are capable of
carrying information. Due to the presence of bound-
ary conditions, they form standing spin-wave modes. A
schematic representation of these spin dynamics is shown
in Fig. 1(a). The highlight of our work is the observation
of these standing spin-wave modes in a van der Waals
material, in addition to the antiferromagnetic and ferro-
magnetic resonance modes. We measure the temperature
evolution of the resonance modes for different orienta-
tions of applied static magnetic field (HDC) relative to
RF magnetic field (HRF) and the crystal easy plane. We
also observe magnon-magnon coupling in CrCl3 that has
been reported recently[15]. Additionally, we observe the
softening of the modes resulting from reduction in in-
tralayer and interlayer exchange as the temperature is
increased. We also measure reduction in the value of
interlayer exchange field (HE) with temperature.
For the study of magnetic structure of CrCl3, the
crystal is grown using vapor transport method used
earlier[13]. Below its Ne´el temperature[17], in the ab-
sence of magnetic field, CrCl3 has a magnetic structure[8,
13, 18] as shown in Fig. 1(b). Cr3+ ions provide the lo-
calized magnetic moments in the lattice. Within a layer,
there is ferromagnetic coupling between the magnetic
moments while adjacent layers have antiferromagnetic
coupling. Overall the system possesses an easy plane
anisotropy. Fig. 1(c) shows the change in magnetization
of the system close to the ordering temperature, similar
to previously reported values[13, 16]. Fig. 1(d) shows a
small flake (thickness ≈ 20 µm) of CrCl3 placed on a
coplanar waveguide (CPW) used in this study. The crys-
tal is placed such that the easy plane is parallel to the
plane of the CPW. The sample is loaded in a cryostat in
different orientations with respect to the direction of ap-
plied static magnetic field, HDC, (as shown in Fig. 1(d))
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FIG. 1. Magnetization dynamics and crystal struc-
ture of CrCl3, a van der Waals antiferromagnet.
(a) Schematic representation of uniform spin precession and
standing spin-wave due to boundary conditions in an anti-
ferromagnet. (b) Representation of the magnetic ordering of
CrCl3 crystal well below the ordering temperature, in absence
of any applied magnetic field. The blue spheres represent the
Cr3+ ions and the green arrows represent the associated mag-
netic moments of the ions in the easy plane. (c) Magnetiza-
tion vs temperature plot of a CrCl3 crystal, with an applied
in-plane static magnetic field of 200 mT, shows a change in
magnetic ordering around 17 K[13, 16]. (d) Image of a CrCl3
crystal placed on a coplanar waveguide (CPW) used for this
study along with the measurement scheme. Components of
the static magnetic field (HDC) applied to the sample are
along the unit vectors Hˆx, Hˆy and Hˆz.
and cooled by a continuous flow of helium vapor around
the sample. We measure the transmission coefficient, S21,
as a function of frequency (f) for different HDC values.
Methods gives details about the crystal growth as well as
measurement setup.
When HDC is applied parallel to the plane of the crys-
tal and perpendicular to HRF (along the Hˆy direction), a
linearly dispersing resonance mode is observed as shown
is Fig. 2(a-d). To understand this mode, one can use the
macrospin approximation for CrCl3 proposed by Mac-
Neill et al.[15] that is similar to the description of Liens-
berger et al.[19]. As there are two sublattices in the
magnetic unit cell, there will be two primary resonance
modes. When HDC is applied parallel to the plane of
the crystal and along the direction of the RF current,
only the odd mode is excited as in-plane and out-of-plane
components of HRF are both odd under twofold rotation
around Hˆy. This is analogous to the “acoustic” mode
in weakly coupled mechanical oscillators and the magne-
tization oscillations of the two sublattices are in phase.
However, when HDC is along Hˆx, the in-plane compo-
nent of HRF is even and the out-of-plane component of
HRF is odd under twofold rotation around Hˆx; thus both
the modes are excited. This mode is analogous to the
“optical” mode in weakly coupled mechanical oscillators.
For µ0HDC,z = 0 T, there is a degeneracy at the point
where the two modes cross each other as the two modes
are protected by the symmetry of the anisotropy energy
about HDC (ref.[19]). When the static magnetic field
has an out-of-plane component, this symmetry is broken
and there is a hybridization of the modes leading to an
avoided crossing.
In order to understand the microscopic magnetization
dynamics, specific temperature slices have been shown in
Fig. 2(a-d) for HDC applied in-plane along Hˆy direction.
For µ0HDC < 15 mT (ref. [16]), the two sublattices are
anti-parallel in orientation with no net magnetic moment
over the magnetic unit cell as shown by the gray colored
spins in Fig. 2(e). This feature has been attributed to
magnetic reorientation of the spins, known as spin flop.
In bulk CrCl3 crystals, some indication of spin flop has
been previously observed around 10-20 mT (ref. [10, 13,
16]). When an in-plane magnetic field is applied, spin
flop transition occurs in the moments, as shown by the
blue colored spins in Fig. 2(e). The spins get canted with
respect to the field direction and consequently couple to
the magnetic field. Here, as HDC has been applied along
the direction of the RF current, only the acoustic mode
is excited for the canted spins.
The resonance mode changes slope around µ0HDC ≈
250 mT, due to the change in magnetic ordering from
a canted state to parallel orientation of the two sub-
lattices as seen in Fig. 2(a-c). The resonance associ-
ated with the moments in parallel orientation of the
sublattices is akin to the ferromagnetic resonance mode.
Beyond 250 mT, the resonance mode satisfies the uni-
form ferromagnetic resonance condition given by 2pif =
µ0γ
√
HDC(HDC +MS) where γ is the gyromagnetic ra-
tio and MS is the saturation magnetization representing
the contribution of anisotropy energy. As the tempera-
ture is increased, the interlayer exchange decreases and
hence the transition to ferromagnetic state happens at
µ0HDC < 250 mT. Beyond the ordering temperature ≈
17 K, a linear resonance mode with slope 30.62 GHz/T
(g-factor = 2.18) is seen in Fig. 2(d) corresponding to
the electron paramagnetic resonance of Cr3+ ions[20].
Fig. 2(e) shows the evolution of the resonance modes at
different temperatures and one can clearly observe the
reduction in the field, for the transition from antifer-
romagnetic to ferromagnetic sublattice structure. Spin
orientation and slope change have been highlighted with
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FIG. 2. Probing orientation of magnetic moments using antiferromagnetic resonance. (a), (b), (c) and (d)
Color-scale plot showing derivative of magnitude of transmission coefficient, |S21|2 with respect to HDC, 1µ0
d
dHDC
|S21|2, as a
function of microwave frequency and HDC applied along Hˆy direction, at temperatures 1.5 K, 5 K, 10 K and 20 K respectively.
Colorscale for these data (shown in the inset of (a)) ranges linearly from -45 dB/T to 35 dB/T. (e) Comparison of the dispersion
in (a)-(d). In (a)-(c), there is a change in slope of the resonance feature at higher magnetic fields which is highlighted in (e).
Gray refers to the region before spin-flop (µ0HDC < 15 mT; ref. [16]); blue shows the spin orientation for canted ordering
state (corresponding to acoustic antiferromagnetic resonance); red shows the spin orientation after the change in slope of the
resonance modes in the parallel ordering state (corresponding to ferromagnetic resonance). The black curve shows the electron
spin resonance at 20 K.
blue and red color corresponding to the canted and par-
allel ordering respectively.
When the magnetic field is applied in the Hˆx direc-
tion, we see both optical and acoustic modes together
(as shown in Supplementary section III). However, on
introducing an out-of-plane component of HDC as well,
two additional features are observed: avoided crossing
between the two modes due to magnon-magnon interac-
tion and excitation of some additional resonance modes.
Fig. 3 shows these features for the antiferromagnetic res-
onance of CrCl3 as a function of angle of HDC relative
to the plane of the CPW, ψ. Multiplicity of modes is
seen for both antiferromagnetic and ferromagnetic order-
ing of the sublattices. Of particular interest is the ob-
servation of the multiplicity of resonant modes for both
optical and acoustic branches of the antiferromagnetic
resonance. We also note that the number of resonance
features in the vicinity of the acoustic mode and the fer-
romagnetic resonance increases as the angle of HDC de-
viates from the plane of the film.
The microscopic origin of the additional resonances
that we observe can be understood as standing spin-
wave modes being set up across the thickness of the crys-
talline film. The idea of spin-wave resonances in the con-
text of the ferromagnetic films was proposed [21] and
it was then experimentally observed in ferromagnets[22]
and antiferromagnets[23]. The standing spin-wave modes
have been studied widely and the surface anisotropy [24]
plays a key role in determining the symmetry of the spin-
wave modes that are set up along the thickness of the
crystal and their angular dependence[25]. For a uni-
formly magnetized crystalline film, the Kittel model[21]
proposes a dependence of the spectrum such that the po-
sition of the nth spin-wave resonance mode is given by
Hn = H0 − n2 DgµB pi
2
L2 where H0 is the position of the
ferromagnetic mode corresponding to uniform spin pre-
cession, D is the exchange stiffness constant, L is the
thickness of the sample and n is an odd integer. Thus,
the position of the spin-wave resonance mode will show a
linear dependence in n2. However, as shown in Fig. 3(g),
the spin-wave modes seen in CrCl3 show a linear depen-
dence in n. This can be explained by the model pro-
posed by Portis[26] for a non-uniform volume magnetiza-
tion within the film, assuming a symmetrical parabolic
drop from the center of the film to the edges. Then the
position of the nth spin-wave resonance mode is given
by[27]
Hn = H0 −
(
n− 1
2
)
(4/L)
(
4piM0effε
D
gµB
) 1
2
(1)
where 4piM0eff is the magnetization in the center and
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FIG. 3. Standing spin-wave modes in CrCl3. (a), (b), (c) and (d) Color-scale plot showing derivative of magnitude of
transmission coefficient, 1
µ0
d
dHDC
|S21|2, with respect to HDC, as a function of microwave frequency and HDC as the out-of-plane
component of HDC (applied in xz -plane) is increased by changing the tilt angle of the CPW with respect to the xy-plane.
Colorscale for these data (shown in the inset of (a)) ranges linearly from -24 dB/T to 20 dB/T. The multiplicity of the modes
increases as the angle ψ is increased. Data has been shown for measurements done at T ≈ 1.5 K. (e) and (f) show the resonance
features in the antiferromagnetic regime corresponding to acoustic and optical modes respectively for ψ ≈ 55◦ . The additional
peaks can also be seen in the overlaid line plots. (g) shows the linear dependence of the position of the spin-wave modes with
odd integers, n, for f = 11 GHz, according to equation (1).
ε is the distortion parameter for the crystalline film.
Fig. 3(g) shows this linear dependence of spin-wave res-
onance modes with n for the case of ψ ≈ 40◦ and
ψ ≈ 55◦. The non-uniform magnetization suggests pos-
sible changes in previously presented models to accu-
rately describe this system. We also see signature of even
modes which is possible for inhomogeneous magnetic field
(shown in Supplementary section V). We observe in Fig. 3
(e) and (f) that the multiplicity of modes is present even
when the system has an antiferromagnetic state, seen in
both the acoustic and optical modes respectively. This is
the first direct observation of spin-wave resonance modes
due to geometric boundary conditions in a van der Waals
magnetic material.
In Fig. 3(b-d), an avoided crossing is also seen when
HDC has an out-of-plane component; this is due to
magnon-magnon coupling. From the evolution of the
resonance modes, we can extract the interlayer exchange
field as a function of temperature. As the temperature
is increased, there is a softening of the hybridized modes
and the avoided crossing occurs at a lower frequency and
magnetic field.
A quantitative description of the hybridized modes has
been presented in ref. [15]. While solving the LLG
equation we get two modes – the acoustic mode with
resonance frequency, fa = µ0
γ
2pi
(
1 + MS2HE
)1/2
H cosψ
and the optical mode with resonance frequency, fo =
µ0
γ
2pi
(
2HEMS(1− H2HFM2 ) +
sin2ψ
(1+(MS/2HE))2
H2
)1/2
. HFM
is the magnetic field required to align both the sub-
lattices and it is given by 1/HFM
2 = cos2 ψ/(2HE)
2
+
5sin2 ψ/(2HE +MS)
2
.
We study the temperature evolution of modes as shown
in Fig. 4(d) and fit the evolution of modes as a function
of magnetic field to the experimental data; this allows us
to determine HE as a function of temperature. Fig. 4(a)
shows the simultaneous fitting (details of the fitting pro-
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FIG. 4. Tuning magnon-magnon coupling in CrCl3.
(a), (b) and (c) Colorscale plot of derivative of magnitude of
transmission coefficient, 1
µ0
d
dHDC
|S21|2, with respect to HDC
as a function of microwave frequency and HDC with HDC
applied out-of-plane at an angle of 55◦ with respect to the
xy-plane and perpendicular to the RF current, show the evo-
lution of the hybridized modes due to the out-of-plane com-
ponent at temperatures 1.5 K, 5 K and 10 K respectively.
Colorscale for these data (shown in the inset of (a)) ranges
linearly from -33 dB/T to 30 dB/T. (a) also shows an overlay
of data fitted to the model presented in ref. [15]. (d) Soft-
ening of the hybridized modes with increase in temperature
observed by overlaying the modes measured as a function of
temperature. (e) Interlayer exchange field, HE , calculated at
different temperatures from the fitting of the curves for two
modes to the mentioned model; the values have been derived
for magnetic field applied at ψ ≈ 0◦, 25◦, 40◦ and 55◦ (more
details in Supplementary section IV).
cedure provided in Supplementary section IV) of the two
branches for ψ ≈ 55◦ and T ≈ 1.5 K. The magnitude of
exchange field agrees with previous observations in an-
tiferromagnetic systems [15, 16, 28]. In addition, a de-
creasing trend is seen in the interlayer exchange field as a
function of temperature similar to other systems[29, 30].
As the temperature is increased from 1.5 K to 10 K, the
interlayer exchange field reduces by ≈ 30%.
We also extract lifetime of magnons corresponding to
the acoustic and optical branches of the antiferromag-
netic resonance as well as for the ferromagnetic resonance
by fitting a Lorentzian to the |S21|2 data as a function of
frequency. For the case of HDC parallel to the Hˆx direc-
tion, the lifetimes of magnons for the optical and acoustic
modes of the antiferromagnetic resonance are around 2.4
ns and 3.0 ns at low fields. For the ferromagnetic res-
onance, the lifetime is around 5.0 ns. Additionally, we
extract Gilbert damping constant for the ferromagnetic
mode by fitting a Lorentzian to the |S21|2 data as a func-
tion of the static magnetic field. From a linear fit of
the ferromagnetic resonance linewidths (∆H) at differ-
ent frequencies, we report the Gilbert damping constant
to be around 2.0 × 10−3; an order of magnitude higher
than YIG[31] (more details of the fitting procedures in
Supplementary section VI).
Our work presents a detailed study of the resonance
modes of CrCl3. For the first time, we observe stand-
ing spin-wave modes in a van der Waals material. These
spin-wave modes, which can carry information without
the movement of electrons, can be used as data carriers
in low-loss systems. Of particular interest is that we de-
tect standing spin-wave modes for both the branches of
the antiferromagentic resonance. We observe a reduction
of 30% in the interlayer exchange field with change in
temperature from 1.5 K to 10 K. We also report values
for the magnon lifetimes and Gilbert damping constant
in CrCl3. While this study was done for a bulk crystal
of CrCl3, it presents exciting prospects in the study of
few layers CrCl3 and its application in antiferromagnetic
spintronics using van der Waals architecture.
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METHODS
Crystal growth
CrCl3 single crystals were grown by chemical vapor
transport (CVT) method from CrCl3.6H2O, chromium
trichloride hexahydrate. CrCl3.6H2O powder (purity
699.5%) was transformed into anhydrous CrCl3 powder by
heating at 90◦C while continuously pumping inside a hor-
izontal tube furnace. Color of the powder changes from
green to magenta after it loses its six water molecules.
This anhydrous powder is immediately sealed inside an
evacuated quartz tube. The sealed quartz tube is put
into a three zone gradient tube furnace for CVT with
hot zone at 700◦C and growth zone at 550◦C. After 15
days of growth, CrCl3 crystals of 10-20 mm
2 dimension
were obtained near the growth zone of the sealed tube.
Device fabrication and measurement
The CrCl3 crystal is transferred to a CPW in a glove
box environment to avoid degradation of the crystal. The
CPW is designed to have 50 Ω characteristic impedance,
with central line width of 0.74 mm and gap of 0.3 mm.
The crystal is covered by Apeizon N thermal grease to
secure it on the CPW, to protect it from the ambient
and to ensure that it has good thermal contact with the
CPW. A temperature sensor (Lakeshore: DT470) is con-
nected in direct contact with one of the corners of the
CPW PCB. The CPW is connected to a vector network
analyzer (Anritsu: MS46122B) using microwave trans-
mission cables. The response of the system is captured
after amplifying the transmission signal through a ≈ 25
dB amplifier (MiniCircuits: ZVA-213-S+). Same CrCl3
crystal has been used for all measurements. Device char-
acterization is done at approximate power level of -22
dBm at the sample for 6 GHz. Typical frequency depen-
dent transmission, |S21|2, for zero field has been shown
in Supplementary section I. We also record some field
dependent background signals separately by measuring
the response of the CPW PCB in absence of any CrCl3
crystal. This data has been shown in Supplementary sec-
tion II. Each plot has been obtained by combining slices
of the field derivative of measured transmission coeffi-
cient, 1µ0
d
dHDC
|S21|2, as a function of frequency for differ-
ent HDC values.
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I. |S21|2 DATA FOR DIFFERENT CONFIGURATIONS
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FIG. 5. Color-scale plot of |S21|2. (a), (b) and (c) show the color-scale plot of the magnitude of transmission coefficient,
|S21|2 (in dB), as a function of microwave frequency and HDC. (a) corresponds to the orientation of HDC along Hˆy direction
of the coordinate system defined in the Fig. 1 of main text. (b) corresponds to the orientation of HDC along Hˆx direction and
(c) corresponds to the orientation of HDC at an angle of 25
◦ from the CPW in the xz -plane. All the measurement data shown
correspond to T ≈ 1.5 K.
In the main text, color-scale plots of derivative of magnitude of transmission coefficient, 1µ0
d
dHDC
|S21|2, have been
used as the background of the transmission signal has frequency and temperature dependence. Fig. 5 shows the the
color-scale plot of the magnitude of transmission coefficient, |S21|2 (in dB). The plot is obtained by combining the
measured transmission coefficient as a function of frequency for different HDC values. Each frequency slice was then
background corrected by subtracting the average transmission coefficient over two different ranges of 0-21 mT and
579-600 mT corresponding to regions where no resonance is seen in the measured frequency range. In Fig. 5(a), the
resonance feature corresponding to the acoustic mode is clearly visible and in Fig. 5(b), both, optical and acoustic
modes are seen along with the point of degeneracy. In Fig. 5(c), we can also see the standing spin-wave resonance
modes in the region corresponding to the parallel orientation of the two sublattices on application of a component of
HDC along Hˆz as well. However, a simple subtraction of data does not remove the background dependence of the
transmission signal completely. Hence, we have used field derivative of |S21|2 for background elimination[32].
II. MAGNETIC FIELD AND FREQUENCY DEPENDENCE OF BACKGROUND SIGNAL
Use of field derivative of |S21|2 removes the frequency dependent background signal in the data. However, there are
other background signals which have dependence on magnetic field as well. Fig. 6(a) shows the field derivative of |S21|2
as a function of microwave frequency and HDC applied along Hˆx for a bare CPW without any CrCl3 crystal. There
are three main features seen in this background signal 2D plot. A vertical feature is seen around µ0HDC ≈ 30 mT,
marked by F. The feature is also seen in Fig. 6(b) as well as some of the plots in the main text and other sections
of the supplemental information. This feature persists upto field close to the spin-flop transition in CrCl3. Such a
strong background feature makes it difficult to detect any signal related to spin-flop transition, if it is detectable in
such a resonance technique. Another feature, marked by , with linear dependence with µ0HDC is also seen, with a
slope similar to the ESR of the Cr3+ ions in CrCl3 (seen in Fig. 6(c)) and might be the ESR signal of Cu
2+ ions in
the CPW PCB. Another feature, marked by , is also seen.
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FIG. 6. Background signal for the CPW. (a), (b) and (c) show the color-scale plot of the magnitude of |S21|2 (in dB)
as a function of microwave frequency and HDC. (a) shows the background signal for the CPW without any CrCl3 crystal. (b)
and (c) correspond to the orientation of HDC along Hˆx direction for T ≈ 1.5 K and T ≈ 20 K respectively. Some features seen
in (b) and (c), as well as other colorplots in the main text, can be attributed to the background signal shown in (a). These
features have been marked using different symbols.
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FIG. 7. Degeneracy of modes for HDC,z = 0 T. (a), (b) and (c) Color-scale plot showing the derivative of magnitude of
transmission coefficient, 1
µ0
d
dHDC
|S21|2, with respect to HDC, as a function of microwave frequency and HDC for HDC applied
along Hˆx direction, at temperatures 1.5 K, 5 K and 10 K respectively. Degeneracy can be seen at the point where the two
modes cross each other as the modes are protected by the symmetry of the anisotropy energy about HDC. Comparison of these
plots show a decrease in resonance frequency (softening) of the modes as the temperature is increased.
III. CROSSING OF ACOUSTIC AND OPTICAL MODE
When HDC is applied in plane and parallel to Hˆx, both optical and acoustic resonance modes are excited leading
to a degeneracy at the point where the two modes cross each other. This degeneracy can be lifted by applying a
magnetic field in the xz -plane with HDC,z 6= 0 T. Fig. 7 shows the color-scale plot of 1µ0 ddHDC |S21|2 as a function
of microwave frequency and HDC at different temperatures. Softening of the modes is also seen as the temperature
increases.
IV. SIMULTANEOUS CURVE FITTING TO EXTRACT PARAMETERS
To extract various parameters for the two sublattice system, the resonance modes have been fit to a macrospin model
presented by MacNeill et al.[15]. This model gives a coupled Landau-Lifshitz-Gilbert equation for a two sublattice
system. It can be written in the matrix form as
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FIG. 8. Simultaneous fitting of resonance modes. (a) and (b) Color-scale plot showing the derivative of magnitude of
transmission coefficient, 1
µ0
d
dHDC
|S21|2, with respect to HDC, as a function of microwave frequency and HDC for HDC applied at
an angle ψ ≈ 25◦ and perpendicular to the RF current, at temperatures 20 K, and 1.5 K respectively. Overlaid plot in (a) shows
the fitting of ESR mode to extract the gyromagnetic ratio, γ. Overlaid plot in (b) shows the simultaneous fitting of acoustic
and optical modes to the macrospin model defined by MacNeill et al.[15]. (c) shows the change in MS with temperature at
different angles.
(
ω2a
(
H,ψ
)− ω2 ∆2(H,ψ)
∆2
(
H,ψ
)
ω2o
(
H,ψ
)− ω2
)
= 0 (2)
where ωa = 2pifa, fa is the frequency of the acoustic resonance mode, and ωo = 2pifo, fo is the frequency of the
optical resonance mode. ∆ = µ0γH(
2HE
2HE+MS
sin2 ψ cos2 ψ)1/4 is the magnon-magnon coupling. On calculating the
eigenvalues of the matrix, we get two solutions with five dependent variables, DC magnetic field (H), interlayer
exchange field (HE), saturation magnetization (MS), gyromagnetic ratio (γ) and angle with respect to xy-plane (ψ).
As the angle is not changed during a particular measurement, ψ is a fixed value. The g-factor for bulk CrCl3 (≈ 2)
has been determined previously[20]. γ can also be confirmed by fitting a straight line to the electron spin resonance
observed for temperatures greater than the ordering temperature of CrCl3. Such a fit has been shown in Fig. 8(a)
with γ = 29.8 GHz/T for temperature, T = 20 K. Thus, we have constrained the values of γ to be between 28 GHz/T
and 30 GHz/T. The frequency and field dependence of the modes have been visually determined and recorded using
Engauge digitizer software. The two resonance modes are then simultaneously fit using LevenbergMarquardt method
to determine the values of HE and MS . A sample fit has been shown is Fig. 8(b) for T ≈ 1.5K and ψ ≈ 25◦. The
variation of MS with temperature for different angles has been shown in Fig. 8(c).
V. FIT TO POSITION OF THE SPIN-WAVE RESONANCE MODES
For a uniform magnetization in a crystalline film, the Kittel model[21] gives dependence of the spin-wave resonance
modes directly proportional to the square of an odd integer, n2.
Hn = H0 − n2 D
gµB
pi2
L2
(3)
where H0 is the position of the theoretical ferromagnetic resonance mode, D is the exchange stiffness constant and L
is the thickness of the sample. However, for non-uniform magnetization, Portis’ model[26] gives a linear dependence
with odd integer, n, given by equation (1).
Fig. 9(a) and (b) show the best fit for the position of the spin-wave resonance modes with n and n2 respectively.
While statistical determination of the best fit in both the cases is difficult for such a small data-set, we can use the
r2 from the linear regression analysis to compare the two fits. For ψ ≈ 55◦, we find r2 = 0.972 for linear dependence
with n and r2 = 0.863 for linear dependence with n2. Hence, we can conclude that the fit with linear dependence
with n is better. We also observe some weak signals between the spin-wave resonance modes corresponding to the
odd integers, n, in regions close to a circuit resonance around 12 GHz. These weak signals may correspond to the
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FIG. 9. Comparison of spin-wave resonance mode fits for n and n2. (a) and (b) shows the best fit for the linear
dependence of the position of the spin-wave resonance modes with odd integers, n and square of the odd integers, n2 respectively.
(c) shows the spin-wave resonance modes for ψ ≈ 55◦. All the observed even and odd modes have been marked by their respective
integer indices.
even modes of the spin-wave resonances which can get excited in the presence of an inhomogenous field [21]. The
even and odd modes have been marked in Fig. 9(c), observed in the case of ψ ≈ 55◦
VI. FITTING DETAILS FOR MAGNON LIFETIME AND GILBERT DAMPING
According to Polder susceptibility tensor, imaginary part of susceptibility (χ′′) for a ferromagnet is a Lorentzian
function of frequency[33]. Furthermore, |S21|2 is directly proportional to χ′′ where |S21|2 is the ratio of power of signal
at port 2 with respect to port 1. Hence, |S21|2 takes the form of a Lorentzian function of frequency; inverse of the
line-width or FWHM of this Lorentzian (∆f) gives the life-time of the ferromagnetic magnons to be around 5.0 ns,
as shown in Fig. 10(b). In case of ferromagnetic resonance, |S21|2 takes the form of a Lorentzian function of magnetic
field as well; the corresponding broadening is proportional to the frequency for the Gilbert damping contribution
and is given by µ0∆H =
4piα
γ f , where α is the Gilbert damping parameter and γ is the gyromagnetic ratio[34, 35].
Thus from the slope of µ0∆H vs f plot, we determine the Gilbert damping parameter for the ferromagnetic case
to be around 2.0 × 10−3. As seen in Fig. 10(a), variation of linewidth with frequency has been determined for in-
plane static magnetic field along Hˆx and Hˆy (shown in green and blue color respectively). For the antiferromagnetic
resonance, correspondence between frequency and field spaces is more complex, and we only calculate the lifetime of
the antiferromagnetic magnons from the frequency-space Lorentzian fit. For the acoustic and the optical branches,
the lifetimes are around 3.0 ns and 2.4 ns respectively at low fields. Fig. 10(c) and (d) shows the variation of the
magnon lifetime with HDC for optical and acoustic resonance modes respectively. Fig. 10(b) shows the variation of
the magnon lifetime for the ferromagnetic resonance. Sample fits for both the resonance modes are shown in inset of
the respective plots. Our estimation of these parameters are approximate and extracted from parts of data which are
less noisy. Further background elimination methods and noise optimization of measurement setup along with denser
data-point spacing can be implemented for improvement of the extraction of these parameters.
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FIG. 10. Fit to determine the Gilbert damping constant. (a) shows the best fit for the linear dependence of the
FWHM of the ferromgnetic resonance linewidth as a function of frequency. Green and blue points correspond to HDC applied
in-plane of CPW along Hˆx and Hˆy respectively. The calculated Gilbert damping coefficient are (a) 2.28 × 10−3 and (b)
1.37× 10−3. (b),(c) and (d) show the magnon lifetime as a function of static magnetic field, HDC, applied in-plane along Hˆx,
for ferromagnetic resonance and optical and acoustic resonance modes respectively. Inset in (c) shows the fitting of the |S21|2
data with a Lorentzian while inset in (b) and (d) show the fitting of 1
µ0
d
dHDC
|S21|2 with a derivative of Lorentzian for better
fitting.
